We analyze the sensitivity of PP precursor traveltimes that are often used to infer lateral variation in the depths of the 410-and 660-km discontinuities in the mantle. Previous results were inconclusive due to complex wave phenomena, such as multiple energy conversions and focusing/defocusing, that hamper their interpretation. Using spectral-element synthetics and Fréchet derivatives calculated with adjoint methods, we compute sensitivity kernels for volumetric and boundary parameters in a 1-D model for representative epicentral distances of past studies, and a dominant period of 11-25 s. Our results indicate that the boundary sensitivity of PP precursors is low and that these phases are not coherently seen in exact synthetics. Our most important finding is the strong sensitivity to both shear and compressional wave speeds, indicating that wave interference and wave conversions are dominant. The PP precursor traveltimes appear more sensitive to structural parameters, that is, compressional and shear wave speed, than to the boundaries; therefore, they are unlikely sources for valuable insight into discontinuity topography.
The PP Precursors
PP precursors have thoroughly been investigated in the past due to their interaction with upper-mantle structure and their potential importance for imaging mantle discontinuity structure (e.g., Bolt, 1970; King et al., 1975; Ward, 1978) . Studies have aimed at determining the sharpness, velocity, and density variations of the discontinuities found at approximately 410-and 660-km depth that define the mantle transition zone (e.g., Chambers et al., 2005a Chambers et al., , 2005b Deuss, 2009; Deuss et al., 2006; Lessing et al., 2014; Neele & de Regt, 1999; Neele & Snieder, 1992; Schmerr & Thomas, 2011; Wajeman, 1988) . Observations of long period PP precursors (15-75 s) were used to infer the topography of discontinuities globally (e.g., , while shorter-period data have been employed in more regional studies (Thomas & Billen, 2009 ). Knowledge of the topographic structure of the discontinuities at 410-and 660-km depth is important, because it can put strong constraints on the variations of temperature and composition as well as on the nature of the phase transitions of the mantle minerals present at those depths (e.g., Bina & Helffrich, 1992; Helffrich, 1999; Helffrich & Bina, 1994; Jeanloz & Thompson, 1983) . The theoretical raypaths of the PP phase and its precursors. OC denotes outer core, and IC inner core. Here the epicentral distance between source (yellow star) and receiver (red triangle) is equal to 110 • . The precursors follow similar paths to the main phase and bounce off the underside of the mantle transition zone discontinuities.
The precursors to the PP phase are low amplitude signals arriving a few minutes before the PP phase. Similarly to the SS precursors, the PP precursors are interpreted as underside reflections off the bottomside of the 410 and 660 discontinuities. The similarity of their ray paths with the main PP phase allowed researchers to assume, within a ray theoretical framework, that their traveltimes are mainly sensitive to the structure beneath the surface reflection bounce point (Figure 1 ). The precursors may thus provide information about the structure and topography of the discontinuities, which can then be used for imaging. However, the small slowness difference between PP and its precursors observed in array studies led to speculations that the precursors could also be asymmetric reflections of the PP phase or appear due to scattering from heterogeneities in the upper mantle and crust (e.g., King et al., 1975; Wright, 1972; Wright & Muirhead, 1969) . Nevertheless, the PP precursors have mainly been interpreted as the result of underside reflections off the global discontinuities at 410-and 660-km depth.
Within a linearized ray theoretical framework, depth estimation of the discontinuity at the bounce point can be made by measuring differential traveltimes, that is, t PP -t PdP , d being the depth of the discontinuity. Conventional methods rely on corrections of these traveltimes for the structural effects and draw inferences by interpreting the residual time anomaly as a result of depth variation of the discontinuity.
Despite in theory being an important type of data, ray theoretical traveltime studies of PP precursors obtained rather diverging results. This holds true both for global and regional studies of discontinuities (e.g., Lessing et al., 2015) . The main difficulty is their poor detectability in real data. To enhance the visibility of these phases, researchers necessarily relied on stacking techniques by summing waveforms aligned to the PP phase (e.g., Deuss, 2009; Flanagan & Shearer, 1998 , 1999 Rost & Thomas, 2002; Thomas & Billen, 2009) , and several models have been derived using them (Chambers et al., 2005b; Deuss et al., 2006; . Despite stacking methods, the P660P precursor phase has not consistently been observed, if at all (e.g., Deuss, 2009; Lessing et al., 2014) .
Several reasons for the poor detectability of PP precursor phases have been proposed: Estabrook and Kind (1996) suggested that the compressional wave velocity contrast is much lower at the 660 discontinuity than predicted by many global seismological models. Another explanation is that lateral mineralogical variations along the 660 could lead to some variability of the traveltimes resulting in inefficient stacking of waveforms (e.g., Deuss, 2009; Lessing et al., 2015) . The topographic variations along the discontinuities themselves distort the waveforms of precursors, which results in a similar inefficient stacking. Finally, the long wavelength topography, which can vary by some tens of kilometers in amplitude, can cause defocusing of the precursor phases, affecting their amplitude significantly. A comprehensive study of the effects of topographic structure on PP precursor waves can be found in Snieder (1992, 1997) . Previous analyses of the P wave coda have suggested that the energy conversion from S to P and vice versa can affect the waveform between the P and PP phases (Ward, 1978) . Additional contributions to the coda of the P wave may also stem from asymmetric reflections at the mantle discontinuities as proposed by Wright (1972) and Schimmel (1997) .
The use of geometrical optics in the interpretation of traveltimes of underside reflections neglects the shape of their associated Fresnel zone (e.g., Chaljub & Tarantola, 1997; Neele et al., 1997) . The Fresnel zone of underside reflections, such as the PP and SS precursors, is a wide and extended area that spans thousands of kilometers and has a characteristic X shape. Therefore, it is expected that structures off the theoretical ray path may significantly contribute to the traveltimes of underside reflections. However, this is not properly accounted for when using ray theory. Thus, any traveltime interpretation based on geometrical optics may suffer from biases due to contributions from various wavelength structures. In addition, as shown in Koroni and Trampert (2016) for the SS precursors, the simple traveltime corrections are not sufficient to account for the effect of strong wave interference or reliably infer topographic variations assuming linearity of the traveltime data (Koroni et al., 2017) .
The key questions we ask in this study are as follows: How sensitive are the PP precursors traveltimes to the boundaries at 410-and 660-km depth, and what is their sensitivity to compressional as well as shear velocity structure? For this sensitivity analysis we calculated Fréchet derivatives using adjoint methods (Talagrand & Courtier, 1987; Tarantola, 1984; Tromp et al., 2005) . This approach allows us to visualize the exact sensitivity of PP traveltime precursors and investigate their suitability for interpretation in terms of discontinuity topography.
Experimental Setup and Methods
We performed the sensitivity analysis for stations located at an epicentral distance range between 90
• and 150
• from the earthquake source. We focus here on the distance of 110
• . This epicentral distance is commonly included in studies involving PP precursors, since it limits interference from other phases, such as the PKP and multiples within the transition zone (Deuss, 2009; Neele & Snieder, 1992; . The sensitivity kernels for other characteristic distances are presented in the supporting information.
The synthetic data are calculated using an earthquake occurring at 20-km depth, with a source time function of zero duration. The moment tensor chosen here corresponds to a pure strike-slip mechanism, and the moment magnitude is 7.9. The vertical components used in this study have been filtered between the frequency band of 4 and 45.4 mHz. The above settings and processing lead to seismograms with a dominant period of about 25 s. The selection of these parameters is based on criteria favored by previous studies using precursor data. The selection of a delta source time function results in sensitivity kernels that are unfiltered, meaning that they may appear oscillatory, especially around the locations of source and receiver, due to the high spatial frequency content. We also computed sensitivity kernels for a longer duration of the source time function, which leads to a longer dominant period (close to 50 s), and the results remain similar. This is also true for seismograms with higher dominant frequencies. Examples are provided in the supporting information accompanying this article.
The simulations are performed with the spectral-element code SPECEM3D_GLOBE (Komatitsch, 2003; Komatitsch & Tromp, 2002a , 2002b , which allows for the calculation of exact, noise-free seismograms. The Earth parameters for ellipticity, self-gravitation, rotation, attenuation, and oceanic load are switched off to reduce the complexity of the synthetic waveforms. The Fréchet derivatives for traveltimes of PP precursors are computed using the adjoint method (Talagrand & Courtier, 1987) , which has been formulated for seismological problems mainly by Tarantola (1984 Tarantola ( , 1987 Tarantola ( , 1988 and Tromp et al. (2005) . The derivatives correspond to the banana-doughnut kernels (e.g., Dahlen et al., 2000; Marquering et al., 1998 Marquering et al., , 1999 , which take into account the finite frequency nature of the signals. We use the 1-D model PREM (Dziewoński & Anderson, 1981) both for generating the synthetic data and as a background model for the adjoint simulations. Therefore, we hereafter refer to the discontinuities with their fixed depth in PREM, namely, 400 and 670 km. In the supporting information, we present kernels in different background models, which show overall the same patterns.
The cross-correlation traveltime anomaly within a given time window is sensitive to the boundary perturbation and volumetric parameters as shown in the following generic expression:
In the expressions above, ln and ln denote relative perturbations of the compressional and shear wave speeds, respectively. The relative perturbation of the radius of the discontinuity depth is given by ln r. The traveltime anomaly, denoted by T s , is thus due to a relative perturbation of the compressional and/or shear wave speed integrated over the volume V and/or a relative perturbation of the radius of the discontinuity integrated over the the surface Σ and is observed at the specific station s. The volumetric and boundary kernels have units of (s/km 3 ) and (s/km 2 ), respectively, and are presented in the following section. for the PP precursor traveltimes are calculated with respect to compressional and shear wave speeds (middle and bottom panels). The volumetric V P kernels show a strong interference from many waves. There is an influence from P diff , and there is a strong presence of core phases. We also recognize symmetrical topside reflection legs of possible reverberations between the 400 and 670 discontinuities. The sensitivity of the precursors is very complicated with no distinct sensitivity to underside reflection paths as suggested from raypaths on Figure 1 .
Fréchet Sensitivity Kernels of PP Precursor Traveltimes
The bottom panels of the figure show that the precursor traveltimes exhibit an equally strong sensitivity to the shear wave speed V SV , something that to our knowledge has not been particularly stressed in previous studies using PP precursors. This demonstrates that conversions between P and S wave energy are considerable and significantly affect the traveltimes of PP precursors. In the supporting information we show that P and S wave speed anomalies contribute about equally to the traveltime anomaly. This observation is consistent for both the P400P and P670P phases at this distance. More examples for other characteristic distances are provided in the supporting information, showing similar features. Notice also the relatively low sensitivity near the ray theoretical bounce point location.
In the supporting information, we also provide sensitivity kernels with respect to density. They show sensitivity mostly to mantle interfaces. These kernels will trade off with wave speed kernels but are potentially useful in the context of full waveform inversion.
The boundary sensitivity of the traveltimes of the P400P and P670P precursors is shown in Figure 3 . The top panel of the figure shows that the PP precursors exhibit the characteristic X-shaped sensitivity, which covers a large area. It is notable that the amplitude of this sensitivity is very low compared to that for SS precursors (Koroni et al., 2017 , and Figure 4 ). The bottom panel of Figure 3 shows the cross-sensitivity (i.e., P400P to the 670 discontinuity and P670P to the 400 discontinuity) with amplitudes that are comparable to those at the top panel. Such cross-sensitivity was also found for the SS precursors (Koroni et al., 2017) . In the supporting information we show that at the midpoint location, where the maximum sensitivity is expected from ray theory, almost zero sensitivity is observed for certain epicentral distances.
Based on these observations, our results suggest that the sensitivity of the PP precursor traveltimes is complicated and dominated by sensitivity to both compressional and shear wave speeds, an observation that has . Record section of synthetic vertical components generated using PREM within the range 80-160 • . The green and brown lines follow the ray theoretical arrivals of the P670P and P400P precursors, respectively, as calculated by TauP (Crotwell et al., 1999) . The blue line represents the traveltime curve of the P, P diff phases, and the purple line corresponds to the PP phase. No distinct, isolated arrivals of the P400P or P670P precursors are seen in any subrange.
important implications for corrections of traveltime data for structural effects. There is a prominent interference of topside reflections from the mantle discontinuities and of core phases in these volumetric kernels, which masks the signal related to the underside reflections, assumed to be dominant in all interpretation. We also calculated kernels for a longer source time function, which modifies the frequency content of the waveforms and prefilters the sensitivity kernels, as well as for higher frequencies. We find that the main observations are unchanged with changing the frequency content of the waveforms (see the supporting information). Regarding the boundary sensitivity of PP precursor traveltimes, we demonstrated that their sensitivity is considerably weaker than for SS precursors.
Discussion
The results presented in the previous section explain the difficulties related to observing and interpreting PP precursors. In the synthetic, noise-free waveforms used here, there are no clearly distinguishable peaks in the windows around the ray theoretical travel times of the P400P and P670P precursors. This is a consistent observation across a large distance range as can be seen in the record section plotted in Figure 5 and on a slant stack shown in the supporting material. Given that the precursor signal is not consistently observed, inferences on topographic structure or other parameters such as impedance and velocity jumps based on traveltimes of PP precursors should be carefully assessed and considered.
Difficulties in observing clear peaks are likely due to wave interference and conversions between P and S waves that arrive between the P and PP phases. More specifically, the Ps400Pp, Pp670p, and Pp400p phases may interfere with P670P (Husebye & Madariaga, 1970; Schimmel, 1997; Ward, 1978) , or the near source upper-mantle phases s400P, s670P, s400pP, and s670pP reported by Ward (1978) could be major contributors, thus obscuring the P400P and P670P phases that already have weak amplitudes.
Usually, the waveforms are stacked in order to eliminate the bulk of wave interference and to enhance weak amplitudes. We created slant stacks to investigate whether there is coherent energy corresponding to the underside reflections. Using exact synthetics in PREM, we find that the precursors do not stack to significant amplitude, as shown in the contour plot in the supporting information. Therefore, stacking does not necessarily improve the usability of PP precursors in discontinuity studies.
It has to be mentioned that more powerful array methods (Rost & Thomas, 2002 , 2009 Rost & Weber, 2002) can help dealing with wave interference as interfering phases may be identified and isolated from the PP precursors. Stacking techniques, such as velocity spectral analysis (Davies et al., 1971) or frequency-wavenumber methods (Schneider et al., 2018) employed in array studies, are capable of detecting signals that correspond to the PP precursors by significantly reducing interference of other phases. Although such techniques may prove useful, they can only be applied to the limited regions with a dense station coverage.
Another important observation from the volumetric kernels is that the precursors are equally sensitive to both shear (V SV ) and compressional (V P ) mantle structure. A way to quantify the ratio between sensitivity to V P over V SV is to calculate the total energy of the kernel in the mantle. Doing that for seismograms at 90-150
• distance, we observe that the ratio is about three. Given that current Earth models show that dlnV S dlnV P ∼ 2, we can conclude that the shear wave speed sensitivity of PP precursors is almost as important as the one for compressional wave speed (see details in the supporting information).
The strong sensitivity to both V P and V SV is due to the multiple conversions from P to S wave energy when the waves interact with internal discontinuities. Near source and receiver reflections are also major contributors to the sensitivity. Primary seismic phases, PKP and P or P diff , complicate these kernels to a greater extent. Taking these observations into account, traveltime corrections become almost impossible, and interpretations in terms of boundary structure difficult. The joint sensitivity to upper-mantle discontinuities and structure can only be taken into account properly in a full waveform approach.
The low amplitude of the boundary sensitivity of the PP precursors is best seen by comparing them to the corresponding SS precursors. We plotted both sets of boundary kernels in Figure 4 on the same scale. The figure indicates that the sensitivity of PP precursor traveltimes is almost an order of magnitude lower than that of the SS precursors for the same source-receiver pair and the same source mechanism. Part of this could be due to the chosen source. The sensitivity kernels are cross-correlations of (adjoint) wavefields and (adjoint) strain deviators (Tromp et al., 2005) . If the radiation pattern played a role, this would also affect the volumetric kernels, which it does not (compare Figure 2 with the corresponding figure in Koroni et al., 2017) . Therefore, there are other effects, unrelated to the source and most likely due to wave interference, which reduce the PP precursor sensitivity kernels to the boundaries by about an order of magnitude.
The boundary kernels shown here and in the supporting information demonstrate that for some epicentral distances the sensitivity of the traveltime is zero at the ray theoretical reflection point. This is observed only for the P670P precursor in almost half the cases considered in our analysis. This finding is in agreement with the observation that the P670P precursor is frequently undetected in real data. To further investigate this, we calculated the reflection coefficients, as given in Aki and Richards (2002) , of the P400P and P670P precursors, as well as those of S400S and S670S (see the supporting information). We find that the P400P and P670P reflection coefficients are of comparable value. Therefore, the poorer detectability of P670P compared to P400P cannot be attributed to the reflection coefficient but is related to wavefield effects. We further observe that the reflection coefficients of the PP precursors are typically twice as small as those of the SS precursors. The associated amplitude difference may explain a part of the difference in boundary sensitivity between the PP and SS precursors. However, it is likely that other wave phenomena contribute to the order of magnitude difference in boundary sensitivity between the PP and SS precursors.
Despite the narrow time windows around the predicted arrivals of P400P and P670P precursors, we see that wave interference dominates the sensitivity of their traveltimes. In fact, we see that the precursory phases are not easily observed and that they are almost always masked by other phases. This is independent of the chosen source time function and the frequency content.
To comprehensively address the dependence on the frequency of the data, we computed the sensitivity to compressional and shear wave speed for seismograms with different dominant frequencies. The general observation of significant wave interference and sensitivity to both compressional and shear wave speed does not change, as can be seen in the figures provided in the supporting information.
To check the effect of topography and of 3-D structure on the sensitivity kernels, we computed kernels for PREM with topography using the model of Meier et al. (2009) scaled by a factor of 2 and for S20RTS . The resulting kernels present very few differences and do not change any of our main conclusions (see the supporting information).
Conclusions
We presented an extensive analysis of finite frequency sensitivity of PP precursor traveltimes, which explains the diverging observations in the literature. The main conclusions of our sensitivity analysis of PP precursors traveltimes are as follows:
• There is considerable interference of various mantle and core phases within the PP precursor time windows.
• The precursor traveltimes are equally sensitive to compressional and shear wave speed structure.
• The strong wave interference is the likely reason that the precursors are barely sensitive to the boundary structure itself. In almost 50% of the cases examined, for a wide range of epicentral distances, the P670P traveltime sensitivity is close to zero at the location of the bounce point.
